Abstract: A chiral quark model with covariant instantaneous interactions is formulated using relativistic thermodynamic Green functions. The approach is applied to the description of mesons as relativistic bound states in hot and dense quark matter. The Schwinger { Dyson equation for the quark mass operator and the Salpeter equations for quark { antiquark bound states are obtained for a nonlocal covariant four { point interaction kernel. Special attention is paid to the medium modi cation of meson properties as a function of their total momentum. Numerical results for the pion mass and the pion decay constant at nite temperature are presented for the special case of a separable interaction. We obtain a "protection" of the pseudoscalar bound state against medium in uence due to the nite (thermal) velocity relative to the surrounding matter.
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Introduction
One of the most interesting elds of current research in nuclear and particle physics is the search for e ects occurring in hot and dense hadronic matter 1]. This research is becoming more topical in the light of the construction of new accelerators such as the LHC at CERN and the RHIC at Brookhaven, which are planned to provide temperatures and particle densities where the quark (and gluon) substructure of the hadrons are to become evident not only by changes in the hadronic properties but, even more interestingly, by the emergence of a new phase of matter characterized by chiral symmetry and quark decon nement. This therefore, makes an accurate simultaneous description of all the modi cations of the properties of hadrons and their interactions at nite temperatures and densities necessary.
An appropriate theoretical description of hot and dense hadronic matter should be based on quark and gluon degrees of freedom and should obey the symmetries of Quantum Chromodynamics. However, since up to now a QCD based description of a many{hadron system is far from being tractable, most of the investigations at nite temperature and density have been performed within the framework of QCD motivated e ective models. These approaches consider the gluonic degrees of freedom as "frozen" and implicitely accounted for by an e ective quark{quark interaction. The Nambu-and Jona-Lasinio (NJL) type models 2] { 8], approximate the interaction by contact forces. They describe well the phenomenon of spontaneous chiral symmetry breaking and reproduce the basic low energy theorems of hadronic physics. These chiral models, however, are not appropriate for the description of heavy quarkonia and excited meson mass spectra. A rather successful description of heavy quark bound states can be given by the nonrelativistic Schr odinger equation with phenomenological con ning potentials 9] of nite range. In particular, the spectra of charmonium and bottomonium states have been described to high accuracy 10,11].
However, both the nonrelativistic potential models and the relativistic NJL model have only a limited region of validity and a uni ed approach would be desireable. Such a generalized approach would be of interest, e.g., for the description of mesons consisting of heavy as well as light quark avours, see 12] .
First steps in this direction have been done for the case of zero temperature and density. A QCD inspired approach to the description of the spectrum of mesons and their interactions has recently been formulated in Refs. 13]-16] as covariant generalization of nonrelativistic potential models 9]. This instantaneous approach to mesons contains, as limiting cases, the above mentioned descriptions of both heavy as well as light quarkonia. It is based on the following three assumptions: { The Markov { Yukawa de nition of bilocal elds as irreducible representation of the Poincare group 17,18].
{ The dominant role of instantaneous interactions in the formation of these bound states 13]-16].
{ The method of the reduced phase space quantization of chromodynamics, which leads to an unambiguous separation of the instantaneous and the retardation parts in gluon exchange interactions with respect to the eigen{vector of the total momentum operator of the bound state 19, 20] .
In the present paper we present a generalization of this nonlocal chiral quark model with covariant instantaneous interactions to the case of nite temperature and density. Particular interest is devoted to the consequences of this description for the meson dispersion relations. As a result we will show that the temperature dependence of the pion mass and the pion decay constant is overestimated in approaches which neglect the nite velocity of the bound state relative to the medium.
The paper is organized as follows: In Section 2 we shortly review the path integral bosonization for an instantaneous four { point interaction kernel which allows for the introduction of covariant bilocal meson elds. We derive the Schwinger { Dyson as well as the Bethe { Salpeter equation from the e ective chiral quark model Lagrangian by functional integral techniques. In Section 3 we generalize the covariant description of the bilocal mesons to the case of nite temperature and density by applying the Matsubara technique of nite temperature Green functions. We examine the particular case of pions which are Lorentz{boosted relative to the medium. In Section 4, we apply the present approach to the case of a separable quark { antiquark interaction and discuss results of a model calculation. Finally, Section 5 contains a summary of the obtained results and the conclusions.
Covariant bound states in e ective QCD
A systematic eld theoretic approach to the description of hadronic matter on the basis of an e ective action functional in the quark sector of QCD can be formulated within the path integral approach 21, 22] . In this section we present the principal notations and results of this approach. 
andm 0 = diag(m a 0 ); a = 1; :::; N f , is the current quark mass matrix. The indices A; B; C; D are a compact notation for Dirac as well as avour and colour indices. 
The orbital part of the interaction
has a relativistic covariant form 15, 16] , with x = x 1 ? x 2 ; X = (x 1 + x 2 )=2 being the four-vectors of the relative and the center of mass coordinates of the incoming quark{antiquark pair; y = y 1 ? y 2 ; Y = (y 1 + y 2 )=2 are those of the outgoing one, respectively. The four{dimensional {function guarantees the condition of the center of mass conservation, which is a consequence of the homogeneity of the space{time continuum.
The instantaneous interaction kernel is further assumed to neglect retardation e ects in the s -channel so that it depends via W(x ? ; y ? ) only on the transverse components of the four-distances x and y with respect to the (conserved) four-vector P of the center of mass momentum:
x ? = x ? x k ; x k = (x ) ; = P p P 2 ; (9) y ? and y k are introduced accordingly. The neglect of retardation e ects in the s { channel is motivated by the analogy with Quantum Electrodynamics where the assumption of the dominance of instantaneous interactions in the formation of bound states can be justi ed 24]. The projection on the subspace of equal{time processes is represented by (x ). The potential of the e ective quark interaction (8) can be constructed in a gauge invariant way within the reduced phase space quantization scheme 19, 20] . (12) In this equation the trace Tr acts on the four-momenta as well as the avour and Dirac indices. We con ne ourselves to the case of colour singlet states such a way that the trace over colour indices is performed yielding the factor N c .
Due to the particular choice of the instantaneous interaction kernel (8) (17) is the quark Green function in the mean eld approximation. This equation de nes the dynamical quark mass spectrum which is spontaneously generated by the mechanism of chiral symmetry breaking. The expansion of the action (12) = 0 : (21) Neglecting the interaction part (20) of the e ective action (18) 23, 25, 26] for separable potentials that the Eqs. (16) and (22) describe the spontaneous chiral symmetry breaking in accordance with the Goldstone theorem, so that the action (19) can be considered as the generalization of chiral Lagrangians. In the nonrelativistic limit, Eqs. (16) and (22) 3. Pair correlations in the medium at nite temperature A short summary of the covariant treatment of pair correlations in the vacuum can be found in the Appendix A. We want to generalize the approach by considering a many { particle system at nite temperature and density. In this case, we have to de ne the thermodynamical ensemble in a covariant way. This results in the introduction of covariant distribution functions. Equivalently, we can choose a preferable system of description, which is the center{of{mass system of the many { particle system, where temperature and chemical potential will be de ned. Then the description of pair correlations in this system contains an additional parameter, the velocity of the pair relative to the surrounding thermal medium.
Gap equation for quark pairs moving in the medium
We will start from the Schwinger { Dyson equation (16) which in the momentum space has the form a (q ? ) = m a 0 + 2N c N f Z dp ? (2 ) 3 W(q ? ; p ? ) " i Z dp k (2 ) G a (p k ; p ? ) # ; (23) Here the index a denotes the quark avour. The quark four { momentum is decomposed into components parallel p k = (p ) and perpendicular p ? = p ? p k to the center of mass four { momentum P of the bilocal eld M(p;P), dp = dp ? dp k .
The interaction potential in momentum space W(p ? ; q ? ) is obtained from the one introduced in Eq. (8) in coordinate representation by Fourier transformation (A.2).
Let us consider a Lorentz { boosted quark pair in the rest system of the medium. The Lorentz boost is de ned by the velocity v = jPj P 0 ; (24) which corresponds to the center of mass momentum P = (P 0 ; jPj;0;0) of the quark { antiquark pair, where we have chosen the direction of the three { momentum vector P parallel to the P 1 { axis. The four { vectors in the boosted system are (26) such that
0 ; 0; 0 ! ; (27) The projected gamma { matrices ?(v) and k(v) are de ned accordingly.
For the solution of the Schwinger { Dyson equation, we consider the decomposition of the self energy into the complete set of gamma{matrices (1,
In contrast to the representation of the mass operator in the vacuum (A.3), we have taken into account that particle and antiparticle energies are modi ed in a di erent way in a medium with nite baryochemical potential such that an energy splitting E a (p ?(v) ) between quark and antiquark states may arise. Now, the Green function (A.6) can be represented as 
and
In order to introduce temperature and chemical potential of the surrounding medium, we have to replace the zero component of the relative four { momentum in the rest frame of the medium (p 0 ) by Matsubara frequencies (! a n = p n 0 + a ) 27, 28] . Therefore, we have to apply an inverse Lorentz { transformation in order to express p 0 by the independent variables (p 
Inserting (33) Let us comment on the case where the quark pair is at rest in the medium. This case corresponds to the choice = (1; 0; 0; 0) for the projection operator. The four { momentum vector p is decomposed into p = p ? + p k with p k = (p 0 ; 0) and p ? = (0; p) and dp = dp 0 dp. In the Schwinger { Dyson equations (40) 
and obtain the result which is form equivalent to the system of Eqs. (A.7), (A.8).
Salpeter equation for moving bound states in the medium
The Salpeter equation (22) Z dp ?(v) dp k (2 
This expression shows that in the vacuum (T = 0, a = b = 0) the solution of the Salpeter equation depends on the 4-momentum of the bound state in an invariant way. Thus, the medium e ects on the moving mesons in Eqs. (46) and (47) can be studied starting from manifestly covariant equations of motion in the vacuum. We observe by inspecting Eqs. (46) and (47) that the in uence of nite temperature and chemical potential on mesons propagating with a nite velocity v is less than the medium in uence on mesons at rest. This e ect occurs because at nite velocity parameter v the overlap of that region in momentum space where the interaction is nonzero with the occupation of quark states by the medium particles becomes smaller and consequently the meson gets "stabilized".
In the present work, we focus on the investigation of the temperature and velocity dependences in a avour symmetric quark plasma with a = b . In addition to the quark and meson mass spectrum, we calculate also the pion decay constant. For the derivation of the normalization condition, see also 25].
Model calculations for a separable model
In order to give an example for the solution of the Eqs. (40) 
where the integrals can be immediately performed, see also 23, 29] . A particular simple interaction formfactor arises in the Nambu { Jona -Lasinio model, where g(jp ? j) = ( ? jp ? j):
It corresponds to a constant interaction in momentum space characterized by the coupling constant V 0 and the cut-o parameter which regularizes the occuring integrals. Note that in the framework of a separable approach it is possible to use more realistic formfactors such as Gaussian-or Lorenzian shapes. A systematic study of this issue has been published recently 23].
For the sake of simplicity, we con ne ourselves here to the simple NJL formfactor. For further numerical evaluation, we will replace E with E thus neglecting the contribution of the energy shift E, which is small in the region of interest.
The solution of Eq. (51) for the quark mass is shown in Fig. 1 both for the m u + m d and for the m u + m s thresholds as a function of the temperature for zero chemical potential and zero velocity relative to the medium. The restoration of the chiral symmetry which would occur at temperature T c 220 MeV in the chiral limit m 0 = 0 is washed out due to the explicit chiral symmetry breaking by the nite current quark masses.
Of special interest is the dependence of the quark mass on the boost velocity with respect to the medium. In solving the gap equation (51) Fig. 2 for zero chemical potential and di erent values of the medium temperature, both in the chiral limit (Fig. 2a) and with an explicit chiral symmetry breaking (Fig. 2b) . For vanishing boost velocity the standard result of a strong temperature dependence of the quark mass (chiral symmetry restoration) around T 220 MeV is recovered.
As an important result we see in Fig. 2 that for nite boost velocity (v 0:9c) the temperature dependence is smoothed out and chiral symmetry restoration is inhibited. This behaviour is caused by the ine ectiveness of the Pauli { blocking for quarks with large momenta relative to the medium.
Solution of the Salpeter equation for pseudoscalar mesons
In order to calculate the meson mass spectrum, we have to perform the decomposition of the Salpeter equation into the di erent Dirac channels. In the framework of a separable approach, this decomposition leads to a matrix equation for the me- MeV is a result of the explicit chiral symmetry breaking due to the nite current quark mass m 0 .
We will now discuss the behaviour of the mass of pseudoscalar mesons in dependence on the temperature and on the boost velocity. In Fig. 1 , we show the result of the numerical solution of Eq. (54) for the pion mass as a function of the temperature if the pion is at rest in the medium for vanishing baryon number density ( = 0). For comparison, the behaviour of the sum of the constituent quark masses is also shown in that gure. Note the fact that the mass of the pion remains fairly constant up to temperatures of about T 100 MeV where it starts to increase slightly. The continuum of unbound quark{antiquark states (m q +m q ), however, decreases rapidly and falls below the pion mass at the Mott transition temperature T c 220 MeV. This e ect is well{known in many{particle physics, and it occurs since self energy e ects in the one{particle sector are partially compensated by Pauli { blocking for the two{particle states, see 30].
Let us now study the e ects of a nite boost velocity relative to the medium on the behaviour of the pion mass. In Fig. 3 
Simultaneously, we show in Fig. 3 the results for the electroweak decay constant of the pion
where the quark { meson coupling constant gis de ned by g ?2= N c 4 2 Z dp ? (v) 
In accordance with the Goldberger { Treiman relation the decay constant is proportional to the quark mass and drops to zero when the pion enters the quark{antiquark continuum 26].
One can see from Fig. 3 , that the medium in uence on the pion mass and decay constant is overestimated when pions are considered at rest in the medium. At temperatures T 200 MeV the mean thermal velocity of the pion is already < v > T 0:95 c, and the corresponding shift of the Pauli { blocking operator in phase space leads to a considerable "protection" of the pion against temperature e ects. This is the main new result obtained within the present approach.
Inclusion of the strangeness degree of freedom
In the avour SU ( Fig. 1 . The behaviour of the kaon as a pseudoscalar meson in the avour SU(3) multiplet is similar to that of the pion. Note that the continuum for the kaon does not coincide with that of the pion since the constituent mass of strange quark di ers from that of the light avours.
Conclusions
We have considered a covariant description of relativistic mesons as quark { antiquark bound states in hot and dense quark matter. The starting point was the relativistic theory of mesons (inspired by the Heisenberg { Pauli type minimal quantization of QCD 13]) which uni es the chiral Lagrangian for light quarkonia and the nonrelativistic potential model for heavy ones 12] . At zero density, a covariant formulation of two{particle bound states can be given by discarding retardation e ects in the co{moving frame.
A main result is the derivation of relativistic covariant equations for the quark selfenergy and the meson vertex functions describing the behaviour of the quark and meson spectra in a hot and dense medium.
As a qualitatively new aspect, we included in our considerations the in uence of a nonvanishing three { momentum of mesons P = v! H . Some general conclusions may be obtained just from the structure of the equations. One interesting property with possible experimental relevance concerns the dependence of the spectrum on the total momentum of the bound states. Looking at the asymptotics of fast particles with P 2 2 (0); M 2 H , one nds a characteristic reduction of Pauli { blocking leading to a stabilization of the bound states against break{up into continuum states. This behaviour is similar to that observed for clusters in nuclear matter 30, 31] .
We emphasize that part of the peculiarities observed in the low { momentum part of pion and kaon spectra from violent heavy ion collisions could be caused by the momentum dependence of the quark pair correlations in hot and dense matter. However, the investigation of the parametric velocity dependence of meson properties is only an intermediate step. The selfconsistent determination of the velocity distribution of pair correlations in quark matter has to be given within a thermodynamical approach which is beyond the scope of the present work and will be given elsewhere 32].
(A.1) = m a 0 + 2N c N f Z dp ? (2 ) 3 W(q ? ; p ? ) " i Z dp k (2 ) G a (p k ; p ? ) # ;
where the index a denotes the quark avour. The quark four { momentum is decomposed into components parallel p k = (p ) and perpendicular p ? = p ?p k to the center of mass four { momentum P of the bilocal eld M(p;P), dp = dp ? dp k . Regardless what the particular form of the quark{antiquark interaction potential W(q ? ; p ? ) will be, for any given attractive interaction the phenomenon of spontaneous chiral symmetry breaking can occur. If the value of the coupling strength exceeds a critical one, the approximative chiral symmetry with m u;d 0 3 : : : 6 MeV is broken in the vacuum by a constituent quark mass (m u;d 300 MeV) that is generated dynamically.
A.2. Salpeter equation
For the instantaneous interaction kernel (8) the Salpeter equation (22) for the vertex functions in momentum space has the form ? ab (q ? jP) = 2iN c N f Z dp (2 ) In order to calculate the pseudoscalar meson decay constant f P , we consider the inclusion of weak interactions in the e ective action (1). The weak interactions change the quark avour indices. We must therefore restore the avour indices in the e ective action. The quadratic part of the e ective action (19) in momentum space has the form S (2) e = i N c 2 tr Z dp ? dp k The matrix element for the decay of a meson P into a leptonic pair (l ) is then < l jS (2) e jP >= (2 ) 4 (P P ? P L ) 1 q (2 ) 3 2! P G p 2 (< l jl j0 >)V ab f ab P P ; (A.20) where f ab P P = iN c Z dp ? dp k (2 Fig. 2 The dependence of the constituent quark mass on the boost velocity for di erent temperatures T = 150; 220 and 300 MeV is displayed a) in the chiral limit m 0 = 0 and b) for a nite bare quark mass m 0 = 5:1 MeV. The chiral restoration temperature for v = 0 is T c 220 MeV. The mechanism of the restoration of the chiral symmetry is inhibited for nite velocities. Fig. 3 The temperature dependence of the mass M and the decay constant f for a pion at rest (dotted line) and for a pion moving with the mean thermal velocity < v > T (solid line). A comparison of both cases shows that a fast{moving pion is "protected" against modi cation by the medium .
